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Abstract 

A series of Sm-doped LDPE-Na2SO4 composites were successfully achieved by 
melt mixing and hot pressing methods. Their morphology, structure and luminescent 
properties were characterized by scanning electron microscope (SEM), Energy 
Dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD) and photoexcitation 
(PE), photoluminescence (PL) spectra, respectively. The sizes and concentrations of 
free volume cavities in composites were studied by positron annihilation lifetime 
spectroscopy (PALS). SEM micrographs showed that NazSQ4:Sm>* particles were 
well-distributed in the polymer matrix. XRD analyses revealed that the addition of 
Na2SO4:Sm?* had no effect on the original crystal structure of LDPE. The dominant 
photoexcitation peak was observed at about 402 nm. The photoluminescence spectra 
consisted of four main peaks at 563, 598, 644 and 706 nm which could be associated 
to the transitions *Gs?—9H; (J=5/2, 7/2, 9/2 and 11/2, respectively) within the 4f 
electronic configuration of Sm?'. The effect of different doping concentration of 
Na2SO4:Sm?' on the luminescent properties of the composites was investigated. The 


luminescent intensity of the composites increased with phosphor concentration. 
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1. Introduction 

The photoluminescence properties of thenardite (Na2SO4) activated with rare earth 
ions have received great research interest in the past few years due to their easy 
preparation, low cost and high quantum efficiency [1, 2]. However, phosphor particles 
absorb moisture from the environment which results in degradation of luminescence 
properties. Coating or dispersing the phosphor particles into a polymer or glass matrix 
can protect the surfaces of phosphor particles and prevent the degradation of 
luminescent intensity [3]. Thus, it is worthwhile to embed the phosphor particles in a 
suitable polymer matrix for the outdoor applications. 

Recently, rare earth ions doped polymer-phosphor composite materials [4-7] have 
attracted much attention. This kind of composite combines the advantages of 
phosphor and polymer into systems with novel properties, such as superior processing 
property and chemical stability from the polymers, low-cost and unique luminescent 
properties from phosphor fillers. These merits result in potential applications for 
light-converting optical devices [8], emitters [9], light-emitting diodes [10] and other 
outdoor devices. 

Pure natural thenardite doped with Sm?* shows intense red luminescence due to the 
^Gso— 9H; (J=5/2, 7/2, 9/2 and 11/2, respectively) within the 4f electronic 
configuration of Sm>*, which was reported elsewhere [1]. In our previous paper, 
Sm-doped SiO2-Na2SO4 composite materials were successfully synthesized and PL 
and PE spectra of the composites were investigated [11]. Mohammad Saleem Khan 
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reported on the tensile strength, thermal stability and glass transition temperature of 
the PMMA-Na?SO4 composite films [12]. Electrical properties of LDPE-ZnO 
nanocomposites [13], thermal and Luminescence properties of LDPE-SrALbO«:Eu?*, 
Dy>* composites had been investigated [4] respectively. Although much work has 
been done on the polymer-phosphor composites, further study needs to be conducted 
to synthesize a new kind of economically viable composite for the outdoor 
applications. 

Compared to metals and ceramics, low-density polyethylene (LDPE) has the 
advantages of the low melting point, low cost and high resistance to atmosphere. 
Meanwhile, LDPE has the excellent gas permeability and moisture penetrability over 
high-density polyethylene (HDPE), polrvinyl chloride (PVC) and polypropylene (PP), 
which make it one of the best matrices for plant plastic wrap. Another advantage of 
LDPE is that the good dispersion of the inorganic filler particles in the matrix can be 
readily achieved [14]. 

To the best of our knowledge, there was no study reported on synthesis and 
luminescence properties of Sm-doped LDPE-Na2SO4 composites. In this work, the 
synthesis method, morphology, structure and luminescence properties of newly 
developed LDPE-Na»SO4:Sm?* composite materials were reported. 

2. Experimental procedures 
2.1. Sample synthesis 
2.1.1 Synthesis of the Na?SO4: Sm?* phosphor samples 
High purity powders Na2S04 (99.99%) and SmF3 (99.9996) were used to synthesize 
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the phosphor materials by the conventional high temperature solid state method. 
Appropriate amounts of SmF3 (0.14mol 96) were mixed thoroughly with Na2SO4 and 
ground using an agate mortar for 30 min. The mixtures were then heated in alumina 
crucibles at 1,213 K (940°C ) for 20 min in air using an electric furnace. After heating, 
the samples were quickly quenched to room temperature by placing the crucibles on a 
metal plate. Prepared samples were powdered again before performing measurements. 
2.1.2. Synthesis of LDPE -Na»SO4:Sm?* composites 

LDPE used in this study was purchased from Goodfellow (Cambridge, UK). It has 
a melting point of 110°C and a density of 0.922gcm ^ . LDPE-Na»SO4:Sm?* 
composites were prepared by melt-mixing the synthesized Na»SO4:Sm?* phosphor 
powders into LDPE at mass ratios ranging from 0 to 2096 using a Brabender mixer at 
a screw speed of 60 rpm for 20 min. The mixing was carried out at150°C. The 
uniformly mixed composites were compressed to slabs at 30 MPa using a curing 
press at150* C . The average thickness was 0.5+0.05mm. To prevent contact with air 
and moisture, all prepared composites were stored in vacuum desiccators. Melt 
mixing followed by melt-press is a popular technique to disperse fillers into the 
polymer matrix in the molten state. The technique allows all kinds of polymer to form 
composites, which is easier to process than other techniques. Further, it becomes an 
environmentally sound and economically feasible method due to solvent-free [15]. 
2.2. Measurements 


2.2.1. Measurement of sample morphology and structure 


The morphology and the dispersion of phosphor powders within the polymer 


matrix were investigated using a scanning electron microscope (SEM, Zeiss SUPRA 
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55) with an accelerating voltage of 10 kV. The surfaces of the samples were 
pre-coated with a thin gold layer by an electrode deposition method to reduce 
charging before recording the SEM micrographs. The existence of Na2SO4 was 
confirmed by energy dispersive X-ray spectroscopy (EDX). The X-ray diffraction 
(XRD) patterns of the samples were collected on an X-ray diffractometer (Rigaku 


XRD-3 Pgeneral diffractometers CuK, = 0.1541nm, operating at 40 kV and 40 mA) 


with a scan step of 0.02° in20. 
2.2.2. Measurement of free volume properties 

Positron annihilation lifetime spectroscopy (PALS) is well-recognized as a 
powerful tool to determine the free volume properties of polymeric systems [16-18]. 
Positron annihilation measurements were performed with a fast-slow coincidence 
ORTEC system with a time resolution of 195 ps for the full width at half-maximum. 
The two identical pieces of samples were placed on either side of the **Na positron 
source, and then this sample-source-sample sandwich was placed between the two 
detectors to acquire the lifetime spectra. A total of 2x10? counts were accumulated 
for each spectrum to reduce the statistical error in the calculation of lifetimes. The 
positron annihilation spectra were de-convoluted using the LT-9 software. 
2.2.3. Measurement of photoluminescence properties 

We used a totally computer-controlled compact system (Horiba Fluorolog 
spectrofluorometer) for measuring PL and PE spectra of the composite materials at 
room temperature. A high band-pass glass filter was set in front of the sample to 
eliminate stray light from the excitation source. Samples were excited at 402 nm and 


emission spectra observed in the wavelength range 520 to 800 nm at room 
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temperature. Slit widths were fixed at 2 nm for the excitation and emission entrance. 


3. Results and discussion 


3.1. X-ray diffraction (XRD) 
Fig. 1 shows the XRD patterns for LDPE-xwt%Na2SOu:Sm** (x=0, 5, 10, and 20) 


composites and pure Na»SO4:Sm?* phosphor. The spectrum clearly presents the 
expected diffraction peaks of the (111), (120), (200), (211), (031) and (331) planes 
which characterize the Na2SO4 crystal (PDF data no.24-1132) in LDPE-NaS04:Sm>* 
composite. The result indicates that the phosphor particles are well incorporated 
between the LDPE particles and LDPE is a suitable matrix for protecting the Na2SO4 
phase composition. The average crystallite size of the materials is calculated from the 
diffraction data by using the Scherrer’s equation, 


o ka 
f cos 0 


(1) 


Where kis the Scherrer constant, which is equal to 0.89, D denotes the average 
crystallite size in nanometers, À is the X-ray radiation wavelength in nanometers, 2 
represents the full width at half maximum (FWHM) of the selected reflection in 
radians, andO( in degrees) is half of the Bragg angle 20. Crystallite sizes of the 
phosphor particles in LDPE-2096Na?SO4:Sm?' composite calculated from Scherrer's 
equation have a wide range, but in the nanometer range, averaging from 20.0 nm to 


44.4 nm. 


X-ray diffraction analysis shows the pure LDPE and LDPE-phosphor composites 
all have three main crystalline diffraction peaks at 20 of 21.6^, 24.0? and 36.3”, which 
corresponding to the (110), (200), and (020) lattice planes of LDPE. LDPE has the 


orthorhombic crystal structure with a = B = y - 90^ [19]. According to the data 
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reported in JCPDS standard pattern no.53-1859, its lattice parameters are a=0.740 nm, 
b=0.493 nm and c=0.254 nm. We can observe the variations in the positions of the 
main diffraction peaks, but the shifts are only slight. It may be assumed that the 
composites fundamentally maintain the original crystal structure of LDPE. The 
intensities of the three main diffraction peaks were dependent on the concentration of 
Na2SO4:Sm?' in the composite. 
3.2. SEM micrographs and EDX spectrum 

The SEM images of Na»SO«:Sm?* phosphor powders and LDPE-Na2SO4:Sm?* 
composites are shown in Fig. 2. The images show irregular agglomerates in the range 
from 72.7 nm to1 micrometer. The irregular shapes (Fig. 2a) as well as the broad 
particle-size distribution of the phosphor powders are likely to attribute to the uneven 
distribution of the cooling temperature. The surfaces of pure LDPE with 
LDPE-Na;SO4:Sm?' composite materials are shown in Fig. 2(b-e). The magnification 
is3k xin the four images. Fig. 2(b) shows that the surface of pure LDPE is smooth, 
and there are no obvious big particles in the film, which mean that the polymer 
particles are melted well. Fig. 2(c, d, e) depict the surfaces of composites with 
different phosphor concentration, which are rougher because of visible phosphor 
particles. It is clear that the phosphor particles are more uniformity dispersed 


throughout the polymer matrix with the increasement of phosphor concentration. 


Fig. 2(f) shows the SEM-EDX mapping of the LDPE-2096 Na»SO4:Sm?* composite. 
Carbon(C), oxygen (O), fluorine (F), sodium (Na) and sulfur (S) elements in the 
composite are detected from this mapping. Although EDX could not detect the 


samarium (Sm) element due to its low concentration, the finding confirms the 
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existence of Na?SO, and SmF3 particles in the LDPE matrix. The EDX drawings of 


the remainder composites are quite similar to Fig. 2(f). 
3.3. Positron annihilation lifetime spectroscopy (PALS) 

The PALS technique is used to study the size and concentration of free volume 
cavities in LDPE-Na2SQ4:Sm>* composites. The lifetime (7,) and intensity (I,) of 
orthopositronium have been found to be correlated well with the local free volume in 
polymers, in which7,is proportional to the size of the free volume cavity and I, is 
proportional to their number concentration. Based on the free volume model, 
Nakanishi et al. [20] have provided a semi-empirical relation between the free-volume 


hole radius (R) and the o-Ps lifetime (7,) using the following relation, 


_1 1 R Lon IR 
= 1 
A, 2 


- R, + F sin( R, ] (ns) (2) 


whererz,and R are expressed in ns and angstrom , respectively. R, - R-- AR, AR 
represents the fitted empirical electron layer thickness. The free volume radius R has 
been estimated from the above equation. For spherical cavities, the average sizes of 


the free volume cavities (V, ) are calculated using the relation, 


An R? 
V, =Z 
3 


(3) 
the total free volume fraction ( F,) is proportional to the productV,I,and can be 
expressed as 

F, = cV, 1, (4) 


where, c is a constant value and is defined to 10 in this paper. 


The positron lifetimes, intensities and corresponding free volume fractions 
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measured in the four kinds of LDPE-Na»SO4:Sm?* composites are summarized in 
Table 1.The decrease ofrz,andI,indicates the decay of free volume cavity size and 
their number density in the composite materials. This behavior was attributed to the 
filling of the free volume cavity which located in LDPE polymer with Na?2SO4:Sm?* 
particles [21]. It also indicates that as the concentration of NaSO4:Sm°* increases in 
the composite, the particles incorporated into the LDPE polymer matrix more 
uniformly, which is fully consistent with earlier SEM observations. 
3.4. Photoluminescence spectra 

Fig. 3 (1) shows the excitation and emission spectra of the Na2SO4: Sm?* phosphor. 
The PL spectrum obtained under 402 nm excitation, consists of four main peaks at 
563, 598, 644 and 706 nm, which can be associated to the transitions of ^Go?—9H; 
(J=5/2, 7/2, 9/2 and 11/2, respectively) within the 4f? electronic configuration of Sm?*. 
The PE spectrum monitored at 644 nm shows five sharp f-f transition lines, which 
could be ascribed to the charge-transfer of "Hz; — “Hop (345nm), $H5 > ^Ds/ (362 
nm), Hs» — “P72 (362 nm), °Hs2—>*F72 (402 nm, strongest) and Hs — ^Ps/ (416 
nm), respectively [22]. It indicates that the synthesized composites can be excited by 
UV and blue light. Fig. 3 (2) shows the PE (left) and PL (right) spectra of pure LDPE 
and LDPE-Na»SO«: Sm?* composites. Measurement conditions are same as that of 
Na»SO4:Sm?* phosphor. The PL spectra of the composites present same peaks with 
the Na»SO4:Sm?* phosphor, which located at 563, 598, 644 and 706nm, as no 
emission induced in LDPE at the range of 520-800 nm. It can be assumed that the 
phosphor particles have good red light emission even incorporated into the LDPE 
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matrix. The effect of Na2SO4:Sm°* concentration on the luminescence properties was 
investigated with four different phosphor doping concentrations (0%, 5%, 10%, and 
20%). 

PL spectra of the 644nm band (Fig.4a) were measured to obtain the relative 
intensities of the composites (Fig.4b). It is found that the relative intensity is 
proportional to the concentration of Na?SO4:Sm?* in composites and the highest 
intensity approaches 10% compared to that of Na2SO4: Sm?* phosphor. One of the 
probable reasons can be assumed to the refractive index of the polymer matrix [23]. 
The luminescence intensity of the composites enhances with the increasing 
concentration of the phosphor. The highest PL intensity was detected from 
LDPE-2096Na»SO4:Sm?* composite. It indicates that the amount of phosphors 
presenting in the composite material is also a key factor on the luminosity. 
Considering the concentration of the Na2SO4: Sm** phosphor in LDPE-Na2SO.: Sm?* 
composite is only 5%, 10%, and 20%, the activator (SmF3) accounts less ratio in the 
whole. It may be reasonable to assume that the composites have the potential to show 


better PL efficiency with the increasing of phosphor concentration. 


4. Conclusion 

A new red luminescent composite of Sm-doped LDPE-Na2SO4 was successfully 
synthesized using melt mixing and hot pressing methods. It has been demonstrated 
that different doping content of Na?SO4: Sm?* phosphor can be incorporated into low 
density polyethylene (LDPE) matrix. For pure LDPE and its composite materials, 
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several characterization methods are performed such as SEM, EDX, XRD, PATS and 
PE, PL spectra to evaluate their morphology, structure and luminescence properties. 
The results indicate that the NazSO.:Sm** phosphor particles can be uniformity 
dispersed throughout the LDPE polymer matrix. The PL spectra show that the 
composites have good red light emission under UV excitation and the luminescent 
behavior mainly affected by the concentration of phosphor particles. 
LDPE-Na2SO4:Sm>* composite materials combine the advantages of Na?SO4:Sm?* 
phosphor and LDPE polymer, which can be considered as a good candidate for the 
light conversion agricultural films and other outdoor devices. 
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Table.1. PALS data and free volume fractions of LDPE-Na>S0O4: Sm composites 


Na2504:Sm Lifetime of Free volume 
composition content (%) orthopositronium 7, (ns) Intensity 1,(%) fraction F, (96) 
Pure LDPE 0 2.304 + 0.013 21.31 + 0.25 0.2712 
5% Na2504:Sm 5 2.276 + 0.012 20.83 + 0.27 0.2593 
10% Na2SO4:Sm 10 2.254 + 0.014 18.14 + 0.28 0.2218 
20% Na2S04:Sm 20 2.249 + 0.013 16.64 + 0.28 0.2026 
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Figure captions 


Fig. 1 XRD patterns of LDPE- xwt%Na2SO.: Sm composites (x =0, 5, 10, and 20) and pure 


Na2SO4: Sm. 


Fig. 2 SEM images of a: Na2SO4:Sm** phosphor powders b: the pure LDPE; c: LDPE-596 
phosphor composite; d: LDPE-1096 phosphor composite; e: LDPE-2096 phosphor composite; f: 


EDX of LDPE-2096 Na»SO4: Sm?* composite. 


Fig. 3 (1) Excitation spectrum (left) and emission spectrum (right) of Na>SO4: Sm. (2) Excitation 


spectrum (left) and emission spectrum (right) of a: pure LDPE; b: LDPE-596Na?SO4: Sm 


composite. c: LDPE-10%Na2S04: Sm; d : LDPE-20%Na2S04: Sm composite. 


Fig. 4 (a) PL spectra of the 644nm band for LDPE- x?96Na»SO4: Sm?* composite (x =0, 5, 10, 20). 


(b) Relative intensities of the 644nm peak in the composites. 
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Fig. 2.Zhang et al 
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Fig. 3.Zhang et al 
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Fig. 4.Zhang et al 
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